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ABSTRACT

An understandingof the designrationale, or the justification for design decisionsmade
throughoutthe designprocessjs necessaryn orderto understandrecreate or modify a design.
However,this informationis rarely capturedin a systematicandusableformat becauseahereare
no tools that adequatelyfacilitate and supportthe captureof thesecritical decisions.This paper
summarizeghe requirementgor a designrationalecapturetool that supportsthe captureand
retrievalof relevantdesignknowledgethroughoutthreephaseof the designprocess: Conceptual
Design, Design Implementation, and Design Evaluation and Transfer.

INTRODUCTION

A record of the designprocessand the decisionsthat were madeis necessaryto be able to
understandrecreate,and modify a design;howeverwithout an understandingf the design
rationale,it is not sufficient. Designrationaleincludesthe reasongehinda designdecision,the
justification for it, the other alternativesconsidered,the tradeoffs evaluated,and the
argumentatiorthat led to the decision(Lee, 1997). Too often successfubystemdevelopment
projects fail to leave a legacy of this design rationale information beyond the physical
descriptionsof the system.Importantinformation aboutwhy the systemwas designeda certain
way, or what designoptionswere consideredout rejected,is rarely adequatelycaptured.The
underlying intent (i.e., the rationale) for the included decisionsis usually lost. Often this
information is scatteredthroughouta collection of paperdocuments,project and personal
notebookentries,andthe memoryof the designergKlein, 1993).This makesthe designrationale
informationvery difficult to accessanduse,suchthatthis designknowledgeoften Ogoesvith the
employeeOln this era of budgetconstraints,and the long-term, dynamic nature of NASAOs
Vision for SpaceExploration,NASA is at risk to lose large amountsof designknowledgevital
for maintenancetraining, operations and designmodifications.The needfor a designrationale
capturetool is prevalentin awide arrayof NASAOslesignprojectsincluding Constellationsmall
satellitesair traffic control automationandrobotics.A particularlyrelevantexampleof the need
to capturedesignrationaleinformationis currently beingexperiencedn NASAO<Constellation
Project. If designrationalecould havebeencapturedn an efficient and effective mannerduring
the Apollo Erain the 196004NASA would be able to take advantagef this designknowledge
and more easily apply these lessons learned to Constellation.

Existing Knowledge Capture Tools
Existing archivetools do not adequatelysupportcaptureof critical designdecisionsandrationale
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or the subsequensearchandretrieval of suchdata.Most documentarchivetools or repositories
merely storedocumentsn a chronologicalfashionandareinadequateasdesignrationalecapture
tools becausel) they makeno attemptto ensurethatthe capturedinformationis appropriateand

sufficient for designerdo understandreplicate,or modify the design;and, 2) they do not allow

for iterationsbthatis, if a designelementor systemrequirements modified, thereis no easyway

to propagatethat changethroughoutthe body of designknowledge,and to understandthe

implications and consequences of those changes.

Recentefforts to developdesignrationale capturetools attestto the value of comprehensive
documentatiorof designrationale(seeCarroll & Moran, 1991; Myers, Zumel, & Garcia,1999);
however,detaileddesignrationaleis still rarely producedin practicebecauseof the substantial
time investmentrequired.Thesetools that supportdesignrationalecapturedemandsubstantial
designertime to enterinformation (Carroll & Moran, 1991) and often changethe mannerin
which designerswork (Conklin & Yakemovic,1991). A review of the literature suggestghat
effortsto supportthe acquisitionof rationalehavefocusedon languagesndtools for structuring
the acquisitionprocess(Myers, Zumel, & Garcia, 1999), but lessso on the actual needsand
workflow processe®f the designer.The result hasbeensystemsthat are time consumingand
burdensome, and offer little motivation for a designer to participate in documentation activities

Most currentdesignknowledgecapturesystemsfunction to either communicateor document
designknowledge.Systemsthat are intendedfor communicationcaptureall communications
amongteammembersduring designmeetings(e.g., the electroniccocktail napkin; Gross,1996).
Thesesystemamerelyrecordthoughtthat hasoccurred ratherthan attemptto shapethe process,
and do not encouragehe communicationof high-level designdecisionssuchas assumptions,
constraintsand designphilosophiesAlso, thesesystemsendto lack the structurenecessaryo
enableefficient retrieval of the information by future usersof the knowledge.Systemsthat are
intendedto documentdesigndecisions(e.g.,computerizedab notebooksGorry et al., 1991)are
usually usedfor the purposeof enabling people outside the project group to understand,
supervise,and regulatewhat is done by the team, or to secureintellectual property rights
generatedby the designteam (Shipman& McCall, 1997). Thesesystemsare inadequateo
capturetheinformationnecessaryor designerdo understandreplicate,or modify the designof a
complexsystem.For example reasonsvhy a particulardesignwasNOT chosenor implemented
arerarely documentedn suchsystemsAs Leveson(2001) pointsout, specificationgrarely state
what a systemshouldnot do, andthis incompletespecificationhasbeena factor in aviationand
space-mission accidents.

The Complexities of NASA’s Design Problems

Existing designknowledgecapturetools are inadequatdo handlethe complexsystemsypically
developedn supportof NASAOsanissions.Many of NASAOsomplexengineeringproblemscan
be characterizechs Owicked@esignproblems(Rittel, 1984). Theseare designproblemsthat
possess humberof distinctivepropertieghateludedesignmethodshatassumehatthe problem
is already understoodsufficiently for it to be analyzedusing automatictools, or top-down
methods. Specifically, Rittel defined wicked problems as those that:

Cannot be easily defined such that all stakeholders agree on the problem to solve
Have no clear stopping rules

Have better or worse solutions, (not right and wrong ones)

Have no objective measure of success

Require iteration
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Have no given alternative solution (they must be discovered)

Require complex judgments about the level of abstraction at which to define the problem
Often have strong moral, political, or professionaldimensionsthat cannot be easily
formalized

K K K

Thesecomplexandlong-termdesignprocesseivolve a seriesof iterative designandevaluation
cyclesin which the problemandquestionsarefirst definedandagreedupon. Subsequentlyinitial

designs, basedon known data, design principles, assumptions,constraints,and design
philosophies,are evaluatedusing empirical techniquessuch as modeling and simulation. The
empiricalresultsare then usedto verify or modify the initial design.This iterative designcycle
produces a wealth of data and knowledge that forms the rationale for the final design.

REQUIREMENTS FOR A DESIGN RATIONALE CAPTURE TOOL FOR NASA’S
COMPLEX SYSTEMS

Whatis neededs an efficient mechanisnio documentandmanagehe collectionof this complex
designknowledgein realtime, asan integral part of the designprocesssoit canbe synthesized
in a useful manner.The first stepin the developmenbf an effective designrationalecapture
systemto meetNASAOsmeedsis the developmenbf systemrequirementsTo ensurethat the
final systemwill be useful(andused)by designerof NASAOsomplexsystemsijt is mandatory
thatthe end-usergdesignershe involvedin the developmenprocessin orderto determinethe
requirementdor the designrationalecapturetool a numberof methodsand datasourceswere
utilized including:

Structured interviews with experienced designers from NASA and industry

Review of designersO log books from previous design projects

Review of designers® email communications from previous design projects

Reviewof designprocessefrom differentdomains(e.g., Team-X,Deutsch& Nichols, 2000;
Human-Centeredesign Process Hooey, Foyle, & Andre, 2002; Usability Engineering,
Rosson & Carroll, 2002)

KK K K

This processevealedusesfor a designrationalecapturetool acrossthree phasesof the design
process:

1. Conceptual Design

2. Design Implementation

3. Design Evaluation and Transfer

The phasesof the designcycle are sequentialin that ConceptualDesignphasefeedsinto the
Designimplementationphase which thenfeedsinto the DesignEvaluationand Transferphase.
Thesedesignstagesare alsoiterative,in that often the Designimplementatiormphasefeedsback
knowledgeto modify the ConceptuaDesign,andsimilarly, resultsof the DesignEvaluationand
Transferphaseimpactthe Designimplementatiomprocessand outcome.Requirementsiecessary
to ensure that the design rationale capture tool meets the needs of each design phase follow.

1. Conceptual Design

The ConceptuaDesignphaseincludesboth systemdefinition and preliminary designactivities.
In the ConceptualDesign phaseof any system,product, or interface,designersset out to
understandand specify the contextof use,the environmentthe missions,andthe tasksthat the
operatorwill conduct.This phasealso typically includesdevelopingdesigngoalsor a design
philosophy.Thesehigh-level conceptsoften go unstatedor are forgottenb yet are critical for
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understandin@ design.Onereasonthat designgoalsand designphilosophiesare frequentlynot
captureds becausehey areoftendifficult to formulateandcommunicatén the early stagesof a
design project. The design rationale capturetool can play a role in the development,
documentationand disseminatiorof this high level designknowledgenot only by capturingit,
but also by helping to shape it.

In the conceptualdesignphase,designergypically assertassumptionsnd constraintsthat will
impactfuture designefforts. Assumptionsare madeaboutthe end-usenf the system,usergoals,
and how the systemwill be used. Constraintsthat may limit designoptions may include
environmental physical, technical,cost, time, or humaninformation processingfactors. |t is
important that thesebe capturedas in many casesthe design philosophy,assumptionsand
constraintsarethe rationalefor a given designelement. For example the minimum volumefor
the Crew Exploration Vehicle (CEV) cockpit is based on an assumption of a specific crew size.

Oncethe missionis understoodapplicabledesignrequirementsand standardsare identified (or

created).For example,a requirementiound in NASAOsMan-Systemintegration Standardgor

hardwareand equipmentreadsasfollows: OHandyripping surfaceshat minimize abrasionto the
EVA glove materialshall be providedon handlesof toolsO(NASA, 1995). Documentingthese
requirementsan preventfeaturecreep,or havingunnecessargdesignelementshat do not meet
the needof the user. Featurecreepcanoccurbecausat is often difficult to OseeiBe underlying
designphilosophy. For example a designphilosophyfor an avionicscockpitdisplay might beto

provide situationawarenessnformationin a status-at-a-glancéormat to minimize pilot head-
down time. If a designer,unawareof this underlying philosophy,opts to provide precision
controlinformation by which the pilot is expectedo steerthe aircraft, this would directly violate
the intendedusageand designphilosophy. This problemcanbe reducedby a designrationale
capturesystemthat makesthesehigh-levelgoalsandphilosophieamorevisible to the designers-

particularlyif the designrationalecapturetool requiresthat eachdesigndecisionbe linked to one
of the defined goals, assumptions, constraints, or requirements.

Requirements to Support Conceptual Design:

I Guide the userto develop and documentdesign goals and philosophy,
assumptions, constraints, and requirements

I Increasevisibility and accessibility of high-level goals, philosophy,
assumptions, constraints, and requirements

I Link eachdesigndecisionto a goal,assumptiongconstraint,or requiremento
guard against feature creep

2. Design Implementation

In the designimplementatiorphase prototypesare often developedgevaluatedandrefinedbased
on empirical data (which form the basisfor the designrationale).This designphaseoften is
collaborativewith subjectmatterexpertsfrom many domainsworking togethertoward a final
design.lt is often characterizedby groupbrain-stormingsessionsndoftendecisionsarerevisited
iteratively asnew dataare availableto supportor refutethesedecisions A tool mustsupportthe
management of these iterative, collaborative design sessions.

To supportthis, it may be necessaryto embedcommonly useddesigntools, standardsand
guidelineswithin the designrationalecapturetool. For example by providing accesdo relevant
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standardsguidelines,and referencematerialsvia a sharedtool, it becomesmuch easierto link

eachdesigndecisionto the standardor guidelinethat contributedto the decision.Related,the

outputof atypical designprocessncludesa variety of productsincluding emails,websites text

documentsspreadsheetflowcharts,sketchesprototypesplueprints,pictures,video, audioclips,

CAD files, and other documentsdescribingthe final resultof a long seriesof discussionsand
tradeoffsby the membersof the designteam. The designrationale capturesystemmust be

flexible enoughto supportthe collection of thesevaried sourcesyet structuredenoughto allow

for efficient searchcapabilities Multiple easy-to-usénput methodssuchasdraganddrop, digital

audio, electronicwhiteboardsare important for supportingdata capturewithout excessively
burdening the designer.

Enable both individual and collaborative design Designcan be both an individual and a
collaborativeactivity, thusa designrationalecapturetool mustsupportboth methodsof designby
allowing usersto createandtrack private designideasaswell asto shareand communicatewith
other designers.

In supportof individual designis the notion of private, password-protectedsandboxesvhere
designerscan archive and iterate on their own designideasbefore sharingthem or integrating
with the designteam. An importantreasonfor this requirementrevolvesaroundintellectual
property concernswith designers@esireto maintainownershipof designideasthat might not
make it into the final design of the particular project, but could be re-used elsewhere.

At the sametime, thereis also a needfor the tool to supportthe representatiorof multiple
stakeholdersviewpoints,including end-usersand membersof the designteamwith different
backgroundsindexpertise(i.e., software hardware humanfactors).Shum,MaclLean,Bellotti, &
Hammond,(1997) refer to this as a Odialecticcollaborative@nodel, that is, the knowledge
investedin a particularprojectis the productof morethanoneindividual, and often beyondany
individualOgrrasp.Accordingto this view, the processesf articulatingandreconcilingdifferent
perspectivesirecentralto design,andshouldbe recognizedand supportedThis canbe supported
by the incorporationof featuressuchas web-basedcollaborationtools (i.e., wikis) that allow
designerdgo easily uploadtheir designideasand prototypesfor feedbackand comment,andto
provideinput for fellow designersThis alsoimpliesthe useof web-basedplatform-independent
structures that can be easily accessed from remote locations by all participants.

Supportiterative design As discussedibove, NASAOsomplexandlong-termdesignprocesses
typically involve a seriesof iterative designand evaluationcyclesin which the problemand
guestionsarefirst definedandagreedupon. Subsequentlyinitial designsbasedon known data,
design principles, assumptionsconstraints,and design philosophies,are evaluatedusing
empirical techniguessuch as modeling and simulation. The empirical resultsare then usedto
verify or modify the initial design.This iterative designcycle producesa wealth of dataand
knowledgethat forms the rationalefor the final design.For thesedesignproblems,framing and
reframingthe problemis animportantprocessReformulatingviews placesa strongrequirement
on a designcapturetool B not only mustthey supportrestructuringproblems but mustalsohelp
designerdo identify the needto restructuran thefirst place.For example a designcapturetool,
if not designedcarefully, may conveya deceptiveécompletenessandassuchmayimposeviews
of the design space that may carry excessive weight in shaping the final design.
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Support data-driven design Initial designdecisionsmay be basedon existing knowledge,
literature,and experiencewith previoussystemshowever,in NASAOsomplexsystemsmany
designdecisionsmustbe determinedempirically and comparedteratively. This is normally done
in the form of simulations field tests,systemmodeling,andhumanperformancanodeling.These
researchefforts producea wealth of data,sometimeconflicting, and alwayscontextdependent.
The results of theseevaluationsmust then be synthesizedand analyzedin order to derive

appropriatedesigndecisions.The datafrom theseevaluationsthen becomethe evidenceor

rationalefor eachdesigndecisionthatis made.lt is theseOpiecesf evidence®r rationalesthat

mustbe documentedProvidingdatareportingtemplategor enablingthe developmenbf custom
templatesdevelopedby the designteam)to documentempirical testresults,field observations,
and subjectmatterexpertinterviewscan supportdata-drivendesign.Thesetemplatesjf usedby

the entire designteam can help ensurecomprehensiveecordingof methodsand results,and

consistency in reporting which will ease searchability.

Captureideasthat wererejected,not just thosethat wereacceptedTo understandvhy a system
designis theway it is, one mustalsounderstandow it could be different, andwhy the choices
thatweremadeareappropriatg§ MacLean,Young,andMoran, 1989).1t is often moreinformative
to know why somethingwas not includedthanto know why somethingwasincluded(Leveson,
2001).Informationaboutdesignsor designelementshat were consideredevaluatecandrejected
is very important,and yet rarely documentedIf documentedit could reducewastedtime and
resourcesspentre-learningtheselessonsduring either a redesignof the system,or designof

similar systems.

Requirements to Support Design Implementation:

I Embed commonly used design tools, standards and guidelines

I Accept multiple file types as created during the design process

I Provide multiple easy-to-use input methods

I Support private designer sand-boxes

I Represent multiple stakeholders viewpoints

I Include web-based collaboration tools (wiki-like)

I Implement web-based, platform-independent, structures

I Allow ideas to be moved, changed, and linked easily

I Do notforce ideas into pre-existing labels

I Provide data reporting templates (or allow custom development)
I Link design decisions to empirical evidence or rationale

I Tie decisions to requirements identified during the Conceptual Design phiase
I Enable capture of ideas that were considered but rejected

I Provide structure but not rigidity

3. Design Evaluation and Transfer
The DesignEvaluationand Transferphaseincludesdesignverification andvalidationaswell as
the transferof designinformationfor a variety of purposesncluding the developmenbf training
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or instructional materials,proceduresfor operationaluse, systemmanufacturing,or design
modification.

Design verification refersto the processof confirming that the systemhasbeendesignedas
specifiedandthat the designoutput meetsthe designinput guidelines whereasvalidationrefers
to the processof checkingthat the designoutput addresseshe users@eedsand intendeduses
(Andre, Hooey, & Foyle, 2007). In essencedesignyverification and validation serve as the
checkpointsfor a good design.In orderto accomplishdesignverification and validation, one
needsaccesdo therationalebehindthe designprocessOften a designcanonly be evaluatedvia
the designtrace.For example two designsmay seemcomparablehowever,they may differ with
respectto the designprocessused. One may have undergonea more thorough designand
evaluationprocessandthe decisionsmay be basedon a more solid empiricalfoundation,which
would otherwisebe invisible to thoseremovedfrom the designprocess.A designrationale
capturetool can aid in design verification and validation if it allows usersto generate
customizableeportsto interrogatethe databasdor answersto questionssuchas: How hasthis
requirementbeenfilled?, Have any requirementsbeenviolated?and, Is this featureapplied
consistently?Similarly, the designrationale capturesystemshould enablethe evaluatorof a
designto identify designelementghatlack relationalcomponents- thatis, designelementghat
are not linked to supporting evidence or rationale.

Perhapsone of the most compellingbenefitsof a designrationalecapturesystemis re-useof

design knowledgeto enable design modifications. Design modifications may create new
problemsif the original designrationaleis not considered. A systemcould be adoptedor

modified for useundercircumstance$or which it wasneverintended creatingsafetyhazardspr

a failure to realize potential benefits. Unlessthe original designeris involved, often those
carrying out the design modifications have no way to accessimportant design details,
recommendeg@roceduresandotherusageconstraintghatare not containedn the codeor visible

from the prototypeor finished product.As a resulttheseare often ignoredor misrepresenteds
the systemtravelsthroughthe developmentind modification process(Andre, Hooey, & Foyle,
2005). A designrationalecapturetool canaid in the designmodification processby identifying

which designelementsare affectedif a critical assumptionconstraint,or relateddesignelement
is modified.

It is difficult to anticipateall of the future usesof designrationaleinformationandthereforethe
dataretrieval needs.The information needsof engineersand designersare very different than
those of managementcontractor acquisition specialists,and operationalpersonnel. Data
retrieval needsmust be flexible enoughto allow retrieval for diverse purposessuch as
understandinghe final designfor production,maintenanceor operationaluse; verifying the
design,or proposednodificationsto the design;andtransferringknowledgeto otherdesignteams
for similar or relatedsystemsMultiple views suchasa high-levelsnapshofrom which onecan
drill down for a more detailedtracemay be requiredto meetthe varied needsof users.Gruber
andRussell(1996)alsoencounteredhis problemandarguedfor a generativeapproachn which

design rationalesare constructedin responseto information requests,from background
knowledgeandinformation capturedduring design.They concludedthat it is moreimportantto

capturethe datathat might be usedto infer answerslater than to attemptto anticipatethe
guestions and capture pre-formatted answers.
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Requirements to Support Design Evaluation and Transfer
I Generate customizable reports
I Identify design elements that lack relational components

I Identify affected design elements if a critical assumption or constraint is
changed

D
o

I Provide multiple search levels including a high-level snap shot and detailg
drill-down views

I Follow a generative-approach to collect data that can be used to infer
answers later (rather that attempting to collect answers)

CONCLUSION

There are several benefits to be gained from documenting the design rationale of any design
project. The benefits of capturing and transferring critical design assumptions, constraints, design
philosophies and design rationale extends not only to the system developer, who is likely to
produce a more veridical and effective version of the product in the presence of a detailed
representation of the design specification, but also to fellow researchers and system designers,
who can learn from viewing the trace of design philosophy, rationale, decisions and data that led
to the ultimate design. A design rationale capture tool can also be used to ensure that the final
product design meets the design requirements and may also be useful for those who require
detailed knowledge of the design for purposes of certification, manufacturing and production,
development of documentation materials (i.e., user manuals), and training and procedures
development. The diversity of this secondary user group emphasizes the need for a very flexible,
customizable, information retrieval system. Finally, a design rationale capture tool can enable
effective maintenance throughout the lifecycle of the product or project B allowing for the design
to change as conditions change, yet still building on the underlying foundation of the original
design.

Integration of design rationale capture tools into NASAOs design processes will result in:
Improved efficiency of the design process

Better design of complex systems due to integration of evidence-based rationale
Reduced risk that designs or redesigns will violate assumptions and design philosophy
Improved acquisition, management, and retention of complex design knowledge
Better communication among team members and transfer to NASA industry partners

K K K K K
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